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We have investigated six nanomaterials for their applicability as surfaces for the analyses of
peptides and proteins using surface-assisted laser desorption/ionization mass spectrometry
(SALDI-MS). Gold nanoparticles (NPs) were useful nanomaterials for small analytes (e.g.,
glutathione); Pt nanosponges and Fe3O4 NPs were efficient nanomaterials for proteins, with an
upper detectable mass limit of ca. 25 kDa. Nanomaterials have several advantages over organic
matrices, including lower limits of detection for small analytes and lower batch-to-batch variations
(fewer problems associated with “sweet spots”), when used in laser desorption/ionization mass
spectrometry. (J Am Soc Mass Spectrom 2010, 21, 1204–1207) © 2010 American Society for Mass
SpectrometrySurface-assisted laser desorption/ionization massspectrometry (SALDI-MS) was developed recentlyusing nanomaterials rather than organic com-
pounds as matrices, for the determination of analytes of
interest. For example, laser desorption/ionization (LDI)
of intact proteins and protein aggregates in the presence
of glycerol has been demonstrated using cobalt particles
(ca. 30 nm) [1]. Similar to the role played by organic
matrices, the particles absorb energy from the laser
irradiation and transfer it efficiently to the analytes,
thereby inducing desorption and ionization. Mixtures
of graphite particles (2–150 m) and glycerol have been
employed in the analysis of proteins and peptides [2, 3].
Several other nanomaterials, including carbon nano-
tubes, nanodiamonds, and various nanoparticles (NPs,
namely SiO2, ZnS, TiO2, Fe3O4, Fe3O4/TiO2, and Au)
are also useful—without the addition of glycerol—for
SALDI-MS [4–12]. Because of their unique chemical and
physical properties, NPs can also act as selective probes
and/or efficient ionization nanomaterials. For example,
Au and TiO2 NPs are suitable for the concentration and
ionization of aminothiols and catechins, respectively, in
SALDI-MS [8, 11]. One other advantage of using NPs is
that fewer “sweet spots” are formed, thereby maximiz-
ing reproducibility. Although NPs have been used
successfully for the determination of a range of analytes
(from small analytes to proteins), a review of the
literature reveals that the various NPs provide quite
different results in terms of sensitivity, reproducibility,
and mass range. Thus, our aim in this study was to
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doi:10.1016/j.jasms.2010.02.028evaluate the performance of several types of NPs for the
analysis of peptides and proteins.
Experimental
Six nanomaterials—Au NPs, TiO2 NPs, Se NPs, CdTe
quantum dots (QDs), Fe3O4 NPs, and Pt nanosponges
(NSPs)—were tested for the SALDI-MS–based analyses
of peptides and proteins; they were prepared in aque-
ous solutions and characterized according to proce-
dures described in the literature [8, 11, 13–16]. A two-
layer preparation method was applied to deposit the
nanomaterials and samples onto the metal plates used
in SALDI-MS. First, one of the nanomaterial solutions (1
L) was deposited into one of the wells of the MS plate
and dried under ambient conditions for at least 1 h.
Next, one of the sample solutions (1 L) was added into
the well. Each sample solution contained one of the
following analytes: glutathione (MW  307.32 Da),
angiotensin I (1296.48 Da), insulin (5734.52 Da), cyto-
chrome c (ca. 12 kDa), trypsinogen (ca. 24 kDa), and
chymotrypsin (ca. 25 kDa). The aqueous sample solu-
tions were premixed with ammonium citrate buffer
(0.5–50 mM; pH 4.0); the ammonium ions acted as
proton sources for the SALDI process [8–10]. After
drying under ambient conditions, the samples were
subjected to SALDI-MS analysis.
Mass spectrometry experiments were performed in
the positive or negative ion mode using a Microflex
MALDI-TOF mass spectrometer (Bruker Daltonics, Bre-
men, Germany). A pulsed nitrogen laser (337 nm; 3-ns
pulses at 10.0 Hz; fluence 40–66.25 J) was used in the
MS system, which was operated in the reflectron (or
linear) mode with an ion source voltage of 19.00 (20.00)
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lens voltage of 9.70 (7.00) kV, a reflector voltage of 20.0
(20.0) kV, and an extraction delay time of 200 (450) ns.
MALDI mass spectra resulting from 300 laser pulses
were collected and averaged for each acquisition.
Results and Discussion
Table S1, which can be found in the electronic version of
this article summarizes the pseudomolecular ions ob-
served from the analytes when using these six nanoma-
terials in SALDI-MS. Although the Au NPs were selec-
tive and efficient nanomaterials for glutathione, they
were not useful for the analysis of analytes having
values of m/z greater than 1300. When using the Se
NPs, TiO2 NPs, and CdTe QDs for SALDI-MS analyses,
the mass range reached as high as the mass of cyto-
chrome c. The SALDI-MS approach allowed the detec-
tion of chymotrypsin by using the Pt NSPs and Fe3O4
NPs. Interestingly, we detected the [M  H] ion of
glutathione when using the TiO2 NPs for SALDI-MS
measurement, but the [M  Na] ion when using the
other five nanomaterials (Table S1). For angiotensin I,
we detected the [MH] and [MNa] ions in all six
cases; in addition, we also detected the [M  K] ion
when using the Fe3O4 NPs. When using Fe3O4 NPs and
CdTe QDs in the analysis of insulin, we detected
adducts of Fe and Cd, respectively. Presumably, the
formation of metal–analyte adducts was due to strong
interactions between the Fe3/Cd2 ions and the pro-
teins through metal–ligand (carboxylate and amino)
Figure 1. Surface-assisted laser desorption ion
pmol) recorded at 51.25 J using Fe3O4 nanop
ammonium citrate (pH 4.0). Inset: SALDI m
11,800–12,800.coordination [9]. We detected a greater number of
adducts for the larger protein cytochrome c when using
the Fe3O4 NPs and CdTe QDs, mainly because there
were more Fe ions desorbed and ionized from the NPs
than those from the mixtures of the metal ions (low
concentrations) and sinapinic acid (SA). For compari-
son, we also recorded the mass spectra of cytochrome c
using SA as the matrix in the absence and presence of
Fe3 or Cd2 ions. Figure S1a, which can be found in
the electronic version of this article, presents the mass
spectrum of cytochrome c obtained using SA (10 mg/
mL) containing Fe3 ions (1 mM) as the matrix. Al-
though we observed the formation of Fe–analyte ad-
ducts, the most abundant peak corresponds to the [M
H] ion; in contrast, Figure 1 (Fe3O4 NPs) reveals that
the most abundant peaks were those of Fe–analyte
adducts. In the absence of Fe3 (Figure S1b), we de-
tected no Fe–analyte adducts. Figure S1a and b both
reveal the formation of SA–analyte adducts. We also
observed Cd–cytochrome c adducts when analyzing
cytochrome c using either CdTe QDs as the nanomate-
rials or SA (10 mg/mL) and added Cd2 ions (1 mM) as
the matrices, and the [M  H] ion when using SA as
the matrix (data not shown). The limits of detection
(LODs; signal-to-noise ratio  3) for cytochrome c was
ca. 5.6 fmol when using the Fe3O4 NPs in SALDI-MS,
much lower than that (2.5  104 fmol) obtained when
using the CdTe QDs. When using the Fe3O4 NPs and
CdTe QDs in SALDI-MS measurements, the intensities
of the signals for the metal adducts varied by 16 and
26%, respectively, over 50 sample spots; in contrast, the
n (SALDI) mass spectrum of cytochrome c (50
es (NPs) (800 nM, 1 L), prepared in 50 mM
pectrum of cytochrome c in the range m/zizatio
articl
ass s
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matrix, either in the absence or presence of Fe3 or Cd2
ions.
Figure S2 presents the SALDI mass spectra of cyto-
chrome c, trypsinogen, and chymotrypsin that we ob-
tained using the Pt NSPs. Unlike the situation for the
Au nanomaterials, which produced many Au clusters,
we did not detect any Pt clusters when using the Pt
NSPs as the nanomaterials, primarily because of the
relatively low thermal conductivity of Pt (71.6 W m1
K1 at 300 K; cf. 318 m1 K1 for Au) [17]. For small
analytes (e.g., glutathione), the Au NPs provided much
better sensitivity than did the Pt NSPs, mainly due to
more-efficient desorption and ionization. The mass
limit reached only 5735.49 Da (insulin) when using the
Au NPs, primarily because of strong interactions
(through Au–S bonds) between the Au NPs and the
analytes. Compared with the Fe3O4, TiO2, and CdTe
nanomaterials, the Pt NSPs required less laser energy
(ca. 40–43.75 J) to induce the desorption and ioniza-
tion of either cytochrome c or chymotrypsin, mainly
because of the relatively higher thermal conductivity of
Table 1. Experimental parameters, linear ranges (LR), limits of
ranges for the SALDI-MS analyses of the various analytes using t
Nanomaterial/
diameter (nm)b Analyte
Concentration
of NPs
La
Au NPs/14 (2) Glutathionec 15 nM
Angiotensin I 15 nM
Insulin 1.5 nM
Cytochrome c —
Chymotrypsin —
TiO2 NPs/5 (1) Glutathione 24 nM
Angiotensin I 24 nM
Insulin 24 nM
Cytochrome c 24 M
Chymotrypsin —
Se NPs/100 (10) Glutathione 50 pM
Angiotensin I 1 nM
Insulin 1 nM
Cytochrome c 1 nM
Chymotrypsin —
CdTe QDs/3 (0.5) Glutathione 500 nM
Angiotensin Ic 500 nM
Insulin 500 nM
Cytochrome c 25 M
Chymotrypsin —
Fe3O4 NPs/13 (3) Glutathione 8 nM
Angiotensin I 80 nM
Insulinc 800 nM
Cytochrome cc 800 nM
Chymotrypsin 4 M
Pt NSPs/37 (6) Glutathione 10 pM
Angiotensin I 50 pM
Insulin 50 pM
Cytochrome c 4 nM
Chymotrypsinc 8 nM
ND  Not detected in the mass spectrum.
aAll experiments were performed in linear positive (for m/z  6000) or r
mode used for the detection of glutathione using TiO2.
bSizes of the nanomaterials were calculated from five different batche
cAnalyte exhibiting the best sensitivity among the six nanomaterials.
dOptimal MS range of analytes for a given nanomaterial.Pt. Larger molecules have more adsorption sites for
their binding to the surfaces of inorganic materials,
making it much more difficult to detach them. There-
fore, macromolecules require a higher laser power than
do small molecules for detection using SALDI-MS.
Because we employed lower laser energies when using
the Pt NSPs, fewer fragment ions were formed. Further-
more, the Pt NSPs featured surface projections that
acted as tiny antennas, producing significant field en-
hancements in their vicinity, leading to greater desorp-
tion and ionization efficiency. Indeed, relative to the
Fe3O4 NPs, the Pt NSPs provided very clean mass
patterns for the analysis of proteins. We detected mul-
tiply charged ions for cytochrome c, trypsinogen, and
chymotrypsin when using the Fe3O4 NPs for SALDI-MS
analyses. In our experiments, NH4
 ions acted as the
main proton donors during the desorption and ioniza-
tion processes. Notably, we had prepared the Fe3O4
NPs from an ammonia solution under basic conditions.
We observed similar results when analyzing cyto-
chrome c using the TiO2 NPs as the added nanomate-
tion (LOD), coefficients of variation (CV), and mass spectral
x nanomaterialsa
power
J) LR (pmol) LOD (fmol) CV
MS range
(Da)d
75 2.5–100 1.4  102 18% 300–1,300
75 2–50 8.1  102 29%
5 — 7.7  103 25%
— ND —
— ND —
20–100 2.2  103 9% 1,200–12,000
0.4–20 8.3  101 23%
— 4.7  101 25%
5 – 1.5  104 20%
— ND —
75 — 3.3  104 19% 1,200–12,000
5 0.4–30 1.6  102 29%
75 — 1.8  101 25%
— 2.3  103 27%
— ND —
75 4–100 1.9  102 25% 300–12,000
5 0.4–50 1.1  101 16%
75 — 1.4  101 23%
25 — 2.5  104 26%
— ND —
5 30–200 8.3  103 14% 1,200–25,000
5 0.1–3 9.8  101 7%
25 — 1.2  101 15%
25 — 5.6 16%
— 4.4  104 20%
75 — 2.3  104 17% 1,200–25,000
75 0.1–70 4.3  101 16%
5 — 3.6  101 17%
— 1.5  104 35%
75 — 1.1  104 32%
ron positive (for m/z  6000) modes, except for the reflectron negative
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acidic conditions.
Table 1 summarizes the SALDI-MS analyses of the
five analytes using the six nanomaterials through
SALDI-MS measurement. For small analytes (e.g., glu-
tathione), the Au NPs provided the lowest LOD (140
fmol). Upon increasing the mass of the analytes, the
LODs increased as a result of their stronger interactions
with Au NP surfaces and greater ionization energies.
Because we required high laser powers for the larger
molecules (MW:12 kDa), Au clusters caused suppres-
sion of the sample ion peaks and difficulty in peak
assignment. CdTe QDs provided good sensitivity for
analytes in the mass range from 330.07 Da to 12 kDa.
Among the six nanomaterials, the Fe3O4 NPs and Pt
NSPs provided the greatest sensitivity for larger pro-
teins (12–25 kDa). Relative to the Pt NSPs, the Fe3O4
NPs provided better sensitivity (LOD  5.6 fmol versus
15 pmol) for cytochrome c, but poorer sensitivity for
chymotrypsin (LOD  44 pmol versus 11 pmol). Table
1 also provides a quick reference guide for the NPs most
suitable for certain molecular-weight ranges of analytes.
We note that the mass limits obtained using Fe3O4 NPs
and Pt NSPs are the highest ever reported for SALDI-
MS; indeed, they are higher than those reported when
using silane-immobilized Fe3O4 NPs (16 kDa) or Fe3O4/
TiO2 core/shell NPs (24 kDa) [9, 10]. When using the Pt
NSPs for SALDI-MS analyses, the batch-to-batch varia-
tions for the smaller (12 kDa) and larger (12–25 kDa)
proteins were 16% and 35%, respectively.
Conclusions
We have tested six nanomaterials for their suitability in
SALDI-MS for the detection of small peptides and
proteins (307.3 Da–25 kDa). Au NPs provided the best
sensitivity for small analytes; Pt NSPs and Fe3O4 NPs
provided the highest mass limit (25 kDa) for proteins.
To the best of our knowledge, this paper is the first to
describe the use of Pt NSPs for SALDI-MS analyses. For
efficient desorption and ionization, the nanomaterial
must absorb laser energy efficiently and transfer it to
the analytes efficiently, but its interactions with the
analytes must not be too strong. For high sensitivity, the
nanomaterial must be stable under laser irradiation and
only minimally form clusters (e.g., Au clusters). To
provide selectivity for certain analytes, aptamers and
antibodies can be used to prepare functionalized Pt NSPs
through strong Pt-S or Pt-N bonding [18]. The bond
energies for Pt-S and Pt-N are 174 and 137 kJ/mol,
respectively, which are higher that that of Au-S bonding
(134 kJ/mol). For example, we can prepare 11-mercapto-
3,6,9-trioxaundecyl-r-D-mannopyranoside and aptamer
functionalized Pt NSPs for the detections of concanavalin
and platelet-derived growth factors, respectively, through
SALDI-MS [19, 20].Acknowledgments
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